The receptors for interleukin-3 (IL-3), IL-5, and granulocyte-macrophage colony-stimulating factor (GM-CSF) are heterodimers comprised of ligand specific a chains and a common j3 chain. The genes encoding the IL-5 receptor a chain and the common j3 chain reside on chromosome 3 and 2 2 respectively, while the GM-CSF receptor a chain gene (CSF2RA) has been mapped to the pseudoautosomal region (PAR) of the sex chromosomes, which is a 2.6-Mb stretch of homologous sequence at the tips of the short arms within which a single obligatory recombination occurs during male meiosis. We have mapped the gene encoding the IL-3 receptor a chain (IL3RA) to the sex chromosomes by polymerase chain reaction (PCR) analysis of human-mouse or human-Chinese hamster cell hybrids, and NTERLEUKIN-3 (IL-3) and granulocyte-macrophage I colony-stimulating factor (GM-CSF) have overlapping activities on hematopoietic cells.'-5 They stimulate the proliferation of progenitor cells giving rise to multiple hematopoietic lineages, and stimulate the activity of a wide range of mature cells including monocytes, basophils, and eosinophils.'" The genes for IL-3 (IL3) and GM-CSF (CSF2) map to the distal region of the long arm of chromosome 5 at ~l23-31~3' as do the genes for IL-4, IL-5, IL-9, and 1L-13 (P600).*-''
and 2 2 respectively, while the GM-CSF receptor a chain gene (CSF2RA) has been mapped to the pseudoautosomal region (PAR) of the sex chromosomes, which is a 2.6-Mb stretch of homologous sequence at the tips of the short arms within which a single obligatory recombination occurs during male meiosis. We have mapped the gene encoding the IL-3 receptor a chain (IL3RA) to the sex chromosomes by polymerase chain reaction (PCR) analysis of human-mouse or human-Chinese hamster cell hybrids, and NTERLEUKIN-3 (IL-3) and granulocyte-macrophage I colony-stimulating factor (GM-CSF) have overlapping activities on hematopoietic cells.'-5 They stimulate the proliferation of progenitor cells giving rise to multiple hematopoietic lineages, and stimulate the activity of a wide range of mature cells including monocytes, basophils, and eosinophils.'" The genes for IL-3 (IL3) and GM-CSF (CSF2) map to the distal region of the long arm of chromosome 5 at ~l23-31~3' as do the genes for IL-4, IL-5, IL-9, and 1L-13 (P600).*-' ' The receptors for IL-3, IL-5 and GM-CSF are heterodimers comprising a ligand-specific a chain and a common p The receptor subunits all belong structurally to the cytokine receptor family, members ofwhich are characterized by the presence of an approximately 200 amino acid module in the extracellular region.'5216 This region contains a number of strictly maintained residues in two distinct folding domains. The a chain for the IL-3 receptor (IL-3RA) is a 360 amino acid glycoprotein of approximately 70 Kd and binds IL-3 with low (1 to 100 nmol/L) affinity. 13 The IL-3 and GM-CSF receptor a chains are more closely related to to Yp13.3 and Xp22.3 using fluorescence in situ hybridization. To explore the possibility that IL3RA is located within the pseudoautosomal region we screened the Centre d'Etude du Polymorphisme Humain (CEPH) pedigrees for an informative-restriction fragment-length polymorphism (RFLP) that showed male meiotic recombination. Two informative CEPH pedigrees were identified that displayed this phenomenon, confirming the psuedoautosomal location of IL3RA. Using long-range restriction mapping we have found that IL3RA maps to the same 190-kb restriction fragment as CSF2RA, suggesting that a cytokine receptor gene cluster may reside in the PAR. each other than to other members of the family. Their protein sequences have 55% similarity (29% identity) and they have been classified, along with the IL-SR a chain, as a distinct subfamily of cytokine re~eptors.'~ The 130-Kd p chain alone does not detectably bind IL-3 but is required to form the high (10 to 100 pmol/L) affinity, functional recepThe human cDNA for the a chain of the IL-3 receptor (IL3Ra) has recently been cloned and seq~enced.'~ We report here that, like the gene for the GM-CSF receptor a chain (CSF2RA),'8 IL3RA maps within the human X-Y pseudoautosomal region (PAR). This raises the possibility that a cytokine-receptor cluster resides in the PAR.
The PAR is approximately 2.6 Mb of homologous sequence at the tip of the short arms of the sex chromos o m e~, '~*~~ within which obligatory recombination occurs during male meiosis. 21 
MATERIALS AND METHODS
RNA from human KMT-2 cells, a myelomonocytic cell line isolated from umbilical cord blood2* was prepared by the method of Chomzynski and Sacchi.29 Poly A+ RNA was selected using the Promega PolyATract system (Promega Corp, Madison, WI). Oligo dT primed single-stranded cDNA was synthesised using Superscript reverse transcriptase (GIBCO BRL, Gaithersburg, MD) and used as a template for polymerase chain reaction (PCR) with Taq polymerase. The primers were designed to amplify the 1,135-nucleotide (nt) protein-coding region of the IL-3RA subunit, based on the published s e q~e n c e . '~ The PCR product was cloned into the vector pGEM-2 and fully sequenced to confirm its identity.
PCR analysis. Oligonucleotide primers complementary to the 3' untranslated region of IL3RA were prepared using an Applied Biosystems DNA synthesizer (Applied Biosystems, Inc, Foster City, CA). Primer A is a 20mer from nt I307 to 1326," 5' GGT CTG Preparation of IL3Ra cDNA.
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Blood, VOI 82, NO 1 (July 1 The IL3Ra cDNA, a I . 1 -kb probe. was nick-translated with biotin-14-dATP and hybridized in situ at a final concentration of 5 ng/pL to metaphases from two normal males. The fluorescence in situ hybridization (FISH) method was modified from that previously described" in that chromosomes were stained before analysis with propidium iodide (as counterstain) and DAPl (for chromosome identification). Hybridization and washing conditions were as previously described" except washes were at 65°C. The hybridization probe was the agarose gel purified 1.1-kb cDNA fragment from the IL3Ra coding region. It was radiolabeled with (32P) deoxycytidine triphosphate (dCTP) by random priming (Amersham Multiprime) to a specific activity of approximately 8 X 10' dpmlpg. and included in the hybridization at approximately 4 X Io'disintegrations per minute/mL. PFGE analysis, DNA digestions. electrophoresis. and transfer were performed as reported."
Soitrhern blot anal-vsis. Aliquots
DNA probes. The probes used in this study were pGMRb, a I .4-kb EcoRI-Hindlll subclone of the original pGMR I38 clone (CSF2RA).'s.32 ANT3i2 . a 310-bp PCR product derived from intron 2 of the ANT3 gene.2s and the IL3Ra cDNA described above.
In sitir hybridization.
Pirl.wd:field gel electrophoresis (PFGE) method.
RESULTS
Chromosome location. PCR analysis using oligonucleotides from the 3' untranslated region of the IL3Ra cDNA was used on DNA from a hybrid panel from the National Institute ofGeneral Medical Sciences(N1GMS) Human Genetic Mutant Cell Repository, Camden, NJ. Figure l shows the expected 153-bp PCR product in four lanes. Lanes 2.24. 25, and 28 correspond to samples that contain the human X and/or Y chromosome. Lane 2 contains cell line GM/ NA07299, which contains two human chromosomes, no. I and X. Lanes 24 and 25, and cell lines GMNA063 18B and GMNA06317 contain single human X and Y chromosomes, respectively. To formally show that the primers do not amplify a sequence during PCR analysis from chromosome I , hybrid GM 10888, which contains chromosomes I , 13, and 14 was included (lane I ) in the analysis. No product was observed in this or any other lane that did not contain either sex chromosome. Furthermore, the 153-bp PCR product is digested into two fragments (93 bp and 60 bp) with the restriction endonuclease F.spI as expected (data not shown). Two negative controls, mouse and hamster DNA (lanes 26 and 27, respectively), also showed no PCR product. The positive control, human blood bank DNA (lane 28). gave the expected 153-bp PCR product. All PCRs were done in triplicate.
Suhchromosomal localization with in situ hybridization. In conjunction with PCR analysis of somatic hybrid DNA panels, in situ hybridization to metaphase chromosomes was performed using a 1. I-kb fragment of the IL3Ra cDNA. The biotinylated probe was hybridized to metaphase spreads of two normal males. Twenty-five metaphases from the first normal male were examined for fluorescent signal. Eighteen of these metaphases showed signal on one or both chromatids of the X chromosome in the region Xp22.2 to p22.3; 73% of this signal was at p22.3 (Fig 2A) . Sixteen of the same 25 metaphases showed signal on one or both chromatids ofthe Y chromosome in the region Ypl I .3 ( Fig 2C) . There were seven nonspecific background dots observed in these 25 metaphases. A similar result was obtained from analysis of 20 metaphases after hybridization to the second normal male (data not shown).
Localization of IL3RA near the tip of the sex chromosomes is consistent with it being within the PAR. Formal proof of IL3R4 being within this 2.5-Mb region could be obtained in two ways: physically placing the PAR localization. For personal use only. on September 24, 2017. by guest www.bloodjournal.org From gene within the boundaries of the PAR, or showing exchange between the X and Y chromosomes during male meiosis. We chose to show segregation of a polymorphic marker associated with IL3M with respect to sexual phenotype. Screening for restriction fragment length polymorphisms (RFLPs) using a variety of restriction endonucleases (HuelII, Tuql. Sucl, Mspl, HindIII, and Pvull), showed that Tu91 was the most useful and informative during Southern blot analysis. The radiolabeled IL3Ra probe hybridized to IO distinct bands: 7 constant bands at 4.5, I .9, 1.8, 1. I , I .O, 0.5, and 0.4 kb; 1 polymorphic band at 7.9 kb that was not investigated: and 2 informative polymorphic 
W '
bands at 3.4 and 3. I kb that were used for our analysis. Two large three-generation families provided informative meioses. In CEPH family 884 (Fig 3A) with 12 offspring, 2 ofthe 7 daughters (lanes 4, 5) are homozygous for allele AI and therefore have inherited allele A 1 from their father (lane 3). His five sons (all homozygous) have also inherited allele A 1 (lanes 7,8,9, 12. and 13) . The most plausible explanation is that the RFLP detected during Southern blot analysis with the IL3Ra cDNA probe, lies within the PAR and that meiotic recombination has occurred, allele AI being on the father's Y chromosome, and his two homozygous (A I A I) daughters being recombinants.
In CEPH family 13292 ( Fig 3B) the father (lane 3) must have inherited allele A 1 from his homozygous (A I ,A I ) father (lane 1) and allele A2 from his mother (lane 2). This places allele A 1 on his Y chromosome and allele A2 on his X chromosome. Two homozygous (A2,A2) daughters (lane 4 and 6) have inherited allele A2 from their father, whereas his son, (lane 8) also homozygous(A2,A2), is thus a recombinant (A2). A second homozygous son (lane 7) has inherited allele A I , and is thus a nonrecombinant.
These two clear examples of recombination during male meoisis show pseudoautosomal inheritance of a Taql RFLP in two three-generation families.
I
IL3RA maps to the same re.ytriction ,fragment as CSF2RA. To localize precisely the IL3RA gene on the long-range restriction map of the pseudoautosomal region,*' digested DNA separated by PFGE was hybridized Weak bands originating from partial digestions are indicated in parenthesis.
The same fragments were also detected by pGMRb, IL3Ra cDNA and ANT3i2 probes with C/al + BssH11, C/al + Nod, C/al + NmI, and C/al
For personal use only. on September 24, 2017. by guest www.bloodjournal.org From with probes IL3Ra. pGMRb, and ANT3i2. The same DNA fragments were detected by both IL3Ra and ANT3i2 probes in all restriction digests tested (Table I ). An 880-kb SalI fragment (extending from 520 to 1400 kb from the telomere [pter]) was common to IL3Ra, pGMRb, and ANT3i2, whereas a 230-kb SalI fragment (extending from I 170 to 1400 kb from pter) was detected only by IL3Ra and ANT3i2. Because the ANT3 gene contains a CpG island located at 1,300 kb from pter and maps proximal to the CSF2RA gene (located between 1,110 to 1170 kb from ~t e r ) ,~~ it follows that the IL3RA gene is located between the CSF2RA and ANT3 genes.
DISCUSSION
We have shown that the IL-3 receptor a chain gene, ILSRA, is located in the pseudoautosomal region, a 2.6-Mb region at the tip of the short arms of the sex chromosomes. This is also the location of the CSF2RA gene encoding the GM-CSF receptor a hai in.'^,^'^^^ The IL3RA gene is located between the CSF2RA and the ANT3 genes at approximately 1,200 kb from the telomere. The three genes lie within a I90 kb fragment in the following order: pter-CSF2RA-IL3RA-ANT3-cen.
It is not unusual for genes encoding structurally and functionally related proteins to be clustered. This presumably is because the genes have arisen by duplication of a common ancestral gene, and have remained linked because some aspect of their regulation relies on their proximity. For example, the IL-3 and GM-CSF genes, which are arranged head to tail on chromosome 5, separated by just 9 kb,34 share a common T-cell-specific enhancer element located between the genes.35 The genes for the related cytokines 1L-4, IL-5, and IL-I3 (P600) also reside in this cytokine gene ~l u s t e r .~*~~" Some other examples of gene clusters involved in blood cell function are the P-globin gene cluster on chromosome 1 I, which contain five globin genes that are developmentally regulated under the influence of a locus control r e g i~n ,~~,~' and the megakaryocyte-specific P-thromboglobulin and platelet factor 4 genes that, along with the genes for 1L-8, GROI, GR02, and GR03, lie on a single 700 kb SfiI fragment of chromosome 4.38 Our finding that the IL3RA and CSF2RA genes are linked suggests several interesting possibilities that warrant further investigation.
Firstly, the two genes may well be adjacent and share one or more transcription-factor binding sites. The two receptors have similar, though not identical, developmental and tissue-specific expression patterns; expression of both is mainly restricted to leukocytes and their progenitors. IL-3 and GM-CSF both stimulate progenitor cells that give rise to neutrophils, eosinophils, and monocyte^,^^,^ while IL-3 also stimulates the production of basophil^.^' On mature cells, both receptors are found on monocytes and eosinophils, whereas neutrophils express only GM-CSF recep-A second interesting possibility is that a cytokine receptor gene cluster, containing receptor genes in addition to IL3RA and CSF2RA, may reside in the PAR. The observation that several growth factor receptors, including IL-3RA and GM-CSFRA, share sequence motifs and structural feators. 5, 42, 43 tures led to the identification of the cytokine receptor family,I5 members of which were proposed to have arisen from a common predecessor.16 The gene structures have recently been elucidated for several members of the family, showing a highly conserved arrangement of exons and introns, further supporting the notion of a common rigi in.^^.^^ Clearly not all cytokine receptor genes are clustered in the PAR, because the common P chain maps to 22q13.1,46 the IL-2R/3 maps to 22ql 2,47 G-CSFR to 1~3 5 ,~~ and erythropoietin R to 19p.49 Most significantly, the gene for the IL-SRA, the receptor most closely related to IL-3RA and GM-CSFRA,17 has been mapped to 3~2 6 .~' Nevertheless, two members of the family, IL3RA and CSFZRA, have now been found to be linked, and it is not unlikely that a cluster containing these and other receptor genes resides in the PAR.
In reporting the localization of CSF2RA to the PAR, Gough et all8 suggested that it may be involved in the genesis of M2 acute myeloid leukemia (AML), because loss of either an X or Y chromosome occurs in up to 25% of this type of AML.51 Although Bardy et aI5* were unable to observe rearrangements in the CSF2RA locus in cells from a number of M2 AML patients, it remains a possibility. Our finding that IL3RA and perhaps other receptor genes also reside in the PAR adds further weight to the suggestion that loss or alteration of genes in the PAR may generate a clone of myeloid progenitor cells unable to differentiate, resulting in part from a change in the responsiveness to some hematopoietic cytokines.
NOTE ADDED IN PROOF
While this manuscript was in preparation Milatovich et al" confirmed our results.
